However, a major challenge in plant biology is to decipher how individual clocks are interconnected to sustain rhythms in the whole plant. Here we show that the shoot apex is composed of an ensemble of coupled clocks that influence rhythms in roots. Live-imaging of single cells, desynchronization of dispersed protoplasts, and mathematical analysis using barycentric coordinates for high-dimensional space show a gradation in the strength of circadian communication in different tissues, with shoot apex clocks displaying the highest coupling. The increased synchrony confers robustness of morning and evening oscillations and particular capabilities for phase readjustments. Rhythms in roots are altered by shoot apex ablation and micrografting, suggesting that signals from the shoot apex are able to synchronize distal organs. Similarly to the mammalian suprachiasmatic nucleus, shoot apexes play a dominant role within the plant hierarchical circadian structure.
INTRODUCTION
The circadian clock is a cellular mechanism able to generate rhythms in biological processes. A key function of circadian clocks is the synchronization of metabolism, physiology, and development in anticipation of the diurnal and seasonal environmental changes (Young and Kay, 2001) . Over the last years, biochemical and genetic studies have provided a complex view of the circadian organization and function in several clock systems, including mammals, insects, plants, fungi, and cyanobacteria (Wijnen and Young, 2006) . Rhythms in most organisms are generated by reciprocal regulations among core clock components that produce 24 hr oscillations in gene expression, mRNA processing, protein abundance, and activity (Harmer et al., 2001) . Changes in chromatin architecture have also emerged as a central mechanism coupled to the rhythmic oscillation of clock gene expression (Nakahata et al., 2007; Ripperger and Merrow, 2011; Stratmann and Má s, 2008) .
Plants as sessile organisms perceive and adapt to the environmental changes for optimal growth and survival. Consistently, nearly all stages of plant development and many essential aspects of growth and metabolism are regulated by the clock (de Montaigu et al., 2010; Yakir et al., 2007) . Among others, processes such as photo-protection, responses to biotic attacks, or the photoperiodic regulation of flowering are controlled by the clock (Kinmonth-Schultz et al., 2013) . Mechanistically, a number of regulatory transcriptional modules have been defined at the basis of the Arabidopsis thaliana circadian oscillator. Two single MYB-domain transcription factors expressed early in the morning, known as CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) (Wang and Tobin, 1998) and LATE ELONGATED HYPOCOTYL (LHY) (Schaffer et al., 1998) , negatively regulate the expression (Alabadí et al., 2001 ) of the evening-phased PSEUDO-RESPONSE REGULATOR 1 (PRR1) or TIMING OF CAB EXPRESSION 1 (TOC1) (Makino et al., 2002; Strayer et al., 2000) . TOC1 (Gendron et al., 2012; Huang et al., 2012) and the other members of the PRR family (PRR5, PRR7, and PRR9) (Nakamichi et al., 2010 ) also bind to the promoters of CCA1 and LHY to repress their expression. Additional components such as EARLY FLOWERING3 (ELF3), ELF4, and LUX ARRYTHMO (LUX) interact to form the Evening Complex (EC) that represses the expression of the early day-phased clock gene PRR9 (Helfer et al., 2011; Nusinow et al., 2011) .
At a cellular level, it has been assumed that virtually every plant cell might contain an endogenous clock. However, their possible circadian communication or coupling has been a matter of debate. Circadian analysis using cell cultures (Kim and Somers, 2010; Nakamichi et al., 2003) , records of different rhythmic markers (Sai and Johnson, 1999) , studies of clock synchronization (Wenden et al., 2012) , and circadian characterization of guard cells (Yakir et al., 2011) have suggested that plant cellular clocks might be only weakly coupled. However, luminescence assays in Arabidopsis and analysis of chlorophyll fluorescence in Kalanchoe daigremontiana have shown a certain degree of cellular coupling in different parts of leaves (Fukuda et al., 2007; Rascher et al., 2001) . A recent interesting report has also described particular properties of clocks in leaf veins that are able to communicate with the adjacent leaf mesophyll cells (Endo et al., 2014) . Intercellular coupling opens the question about long-distance signaling and synchronization. Indeed, circadian oscillations in roots seem to be entrained by signals from shoots (James et al., 2008) . This situation resembles that of the mammalian circadian system in which a master clock located at the suprachiasmatic nucleus (SCN) synchronizes peripheral clocks dispersed throughout the body (Aton and Herzog, 2005; Welsh et al., 2010) .
The functional structure of a circadian system consists of a complex assembly of components and mechanisms that are precisely coordinated in cells, tissues, and organs. Intercellular coupling of circadian clocks might provide an efficient way for local synchronization in a particular tissue while long-distance signaling can aid in synchronizing distal parts. In this study, we have focused on these two particular aspects of circadian communication in Arabidopsis and found that the shoot apex might act as a master clock that influences rhythms in roots.
RESULTS

Differences in Robustness and Precision of Circadian Rhythms in Dissected Organs
To determine organ-specific circadian function, we analyzed rhythms in different organs excised from the plant ( Figure 1A and Supplemental Experimental Procedures). Promoter activity was monitored by in vivo luminescence assays of plants expressing the morning-(CCA1) and evening-phased (TOC1) gene promoters fused to the LUCIFERASE (LUC). Under constant light conditions (LL), CCA1::LUC and TOC1::LUC expression in excised shoots robustly oscillated without evident dampening. Circadian waveforms closely matched those of whole plants (Figures 1B and 1C) , suggesting that root excision did not manifestly affect oscillations in shoots. Excised hypocotyls sustained rhythms albeit with a long circadian period (27.02 ± 0.64 versus 24.61 ± 0.25 in entire plants) and a progressive decrease in amplitude over the days (Figures 1D and 1E) . Rhythms in excised roots were only sustained for about 2 days, dampening low afterward ( Figures 1F and 1G ). The fact that oscillations in roots do not persist in the absence of sucrose could be due to energy limitation, as excised roots are a sucrose sink. Indeed, the use of the same procedure for root excision but using medium with sucrose revealed that rhythms were sustained for more than 4 days ( Figure S1 ) with a significantly longer period (26.21 ± 0.33) than in shoots (24.63 ± 0.22). The sustained oscillations suggest that the excision per se was not responsible for the dampened rhythms observed without sucrose. Adding sucrose to non-sucrose grown and arrhythmic excised roots did not restore the oscillatory pattern ( Figure S1 ), suggesting that sugar cannot compensate for the arrhythmia. When excised leaves were analyzed in the absence ( Figures 1H and 1I ) or in the presence ( Figure S1 ) of sucrose, we observed an averaged advanced phase compared to entire plants or shoots.
Specific Properties for Synchronization and Phase Readjustments of Shoot Apex Clocks
We next performed similar analysis with excised shoot apexes ( Figure 2A ) and found that the phase, period, and amplitude remained synchronized (Figures 2B and 2C) , with rhythms very similar to those of the entire plants ( Figure S2 ) and with highly synchronous individual waveforms ( Figure 2D ). These results are in clear contrast with the high degree of variability observed in individual leaf waveforms, manifested by a range of phases and amplitudes from the very first day under LL ( Figure 2E ). As the size of the tissue might influence the circadian waveforms, we analyzed small sections of leaves (with sizes similar to those of the shoot apexes). Our results showed a similar variability to that displayed by full leaves ( Figure S2 ), which suggests that the shoot apex homogeneity in waveforms is not due to the reduced sizes of the samples. The circadian phases clustered together in shoot apexes and to much less extent in leaves (Figures 2F and 2G) . Similar conclusions were drawn when the average phase and the degree of phase coherence were calculated using the synchronization index ''R'' (see Supplemental Experimental Procedures). The analysis showed high R values, close to 1, for the shoot apexes and lower values for leaves at all time points ( Figure S2 ). Consistent with previous studies (Wenden et al., 2012) , the R values in leaves were well above 0, which suggests a certain degree of coherence. Rhythms in excised organs were highly reproducible in four different biological replicates (each one with 6-12 samples), which reduces the possibility that results were due to indirect effects of the excision procedure. The circadian clock is not only a robust mechanism able to sustain rhythms in the absence of environmental transitions but also a flexible system that resynchronizes and properly adjusts to changes in the environmental cycle (Harrington, 2010) . To explore whether the differences between shoot apexes and leaves also extend to their capabilities for resynchronization and phase adjustment, we performed ''jet-lag'' experiments. In shoot apexes, rhythms showed similar timing for resynchronization to that of entire plants ( Figure 2H ), although the shoot apex waveforms displayed very rapid declining at night for TOC1::LUC and an increased acute induction at dawn for CCA1::LUC ( Figure S2 ). In leaves, rhythms showed a double peak for the first 2 days, reaching a stable phase at the third day after the extended night switch ( Figure 2I ). These results reveal different synchronizing behavior in leaves and shoot apexes. The specific waveforms in shoot apexes compared to the entire plant might also indicate a particular sensibility of shoot apexes to dawn and dusk resetting signals.
Conserved Molecular Architecture of the Circadian Network at the Shoot Apex Clocks
To determine organ-specific differences in the clock molecular composition, we examined whether different clock outputs and mutations in core clock genes were distinctively regulated in shoot apexes and leaves. Analysis of WT plants expressing the morning-phased clock output CAB2 (CHLOROPHYLL A/ B-BINDING PROTEIN 2) (Millar et al., 1995) showed that in shoot apexes the phase was comparable to that in the entire plant, whereas increased heterogeneity and an average advanced phase were prevalent in leaves ( Figure 3A ). Similar to entire plants, the shoot apexes and leaves of cca1-11 mutants displayed persistent rhythms with shorter periods than WT shoot apexes and WT leaves, respectively ( Figures 3B-3D) . Similarly, the short period of the evening-expressed clock output CCR2 (COLD, CIRCADIAN RHYTHM, AND RNA BINDING 2) (Strayer et al., 2000) in TOC1 RNAi plants (Huang et al., 2012) was also observed in shoot apexes and leaves ( Figures 3E and 3F ). Therefore, circadian gene expression in shoot apexes and leaves with various reporter lines and clock mutant backgrounds did not render major differences between the two organs.
To profile the circadian transcriptional landscape at the shoot apex, we performed RNA sequencing (RNA-seq) analysis and used the JTK_CYCLE algorithm for precise definition of circadian expression (Hughes et al., 2010) . After filtering out transcripts whose median expression across every sample was lower than 0.69 RPKM and those not differentially expressed, we identified over 1,400 genes with significant circadian fluctuations in mRNA abundance. Visual inspection of the data suggested that this may be a conservative estimation. However, the stringent analysis ensured the selection of the highest-confidence circadian hits. Rhythmic genes included all the previously described core clock components, genes involved in light signaling, and those involved in circadian outputs such as photosynthesis, photoperiodic flowering, and hormone signaling, among others (Figures 4A-4D and S3). The waveforms oscillated with similar phases and amplitudes to those previously reported in entire plants ( Figures 4E-4G ), which suggests no fundamental differences in the global transcriptional circadian networks in the shoot apex and entire plants. It is noteworthy that shoot apexes display such strong and robust rhythms (both morning-and evening-expressed genes) as opposed to the uncoupled rhythms in roots (only morning) (James et al., 2008) and in veins (mainly evening) (Endo et al., 2014) . Functional categorization of the rhythmic genes showed a wide range of biological functions, highlighting as most significantly enriched those genes involved in circadian rhythms and responses to environmental conditions, including different qualities of light, temperature, and radiation ( Figure S3 ). This enrichment might explain the specific readjustment of shoot apexes to environmental changes observed in our jet-lag experiments.
Differences in Synchrony of Clock Cells in Various Organs and Tissues
To understand the cellular basis of the circadian rhythmicity at the shoot apex, we examined rhythms from individual cells of plants expressing CCA1-HA-EYFP under its own promoter (Yakir et al., 2009 ). We performed in vivo time-course analysis by confocal imaging of excised shoot apexes embedded in agarose (Mas and Beachy, 1998) . Fluorescent signals from individual nuclei of shoot apex cells sustained rhythmic oscillations. The circadian waveforms maintained good synchrony, manifested by similar timing in their rising and declining phases even after 3 days under LL ( Figure 5A , left panel and Figure 5B ). The results were also evident when the confocal imaging started at different time points ( Figure S4) . A similar pattern of highly synchronous waveforms was observed with single cells from shoot apexes of FLAG-PRR7-EGFPexpressing plants (Nakamichi et al., 2010) ( Figure S4 ). In contrast, and consistent with previous data (Yakir et al., 2011) , the variation in the rhythmic accumulation of CCA1-HA-EYFP in individual leaf cells significantly increased after 2 days under LL ( Figure 5A , right panel and Figure 5C ). Differences in phase and amplitude were also clearly observed when fluorescent signals were not relativized to the maximum ( Figure S4 ). We also measured fluorescence from the leaf vasculature, as previous studies have shown that these cells are coupled (Endo et al., 2014) . We observed two distinguishable populations with slightly different phases (Figure S4) . Individual cell-to-cell comparisons showed that both populations maintain a certain degree of synchrony ( Figures  5D and 5E ). Synchrony appeared to be higher than that observed in leaf mesophyll cells but lower than in cells at the shoot apex. Quantitative analysis of the waveform correlation among individual cells confirmed that the correlation coefficient in shoot apex cells was higher than the one for vascular cells with the advanced (A) or delayed (D) phase ( Figures 5F and 5G ). The group of cells with a delayed phase appeared to be more synchronous than the group with an advanced phase. The waveforms in leaf mesophyll cells displayed lower correlation values and increased heterogeneity. A higher synchrony in shoot apexes compared to vascular cells or the mesophyll cells adjacent to the leaf veins ( Figure S4 ) was also observed when an evening-expressed gene was examined (ELF3-EYFP) (Dixon et al., 2011) . In this case, the separation of cells with advanced and delayed phases was not so evident in veins ( Figure S4 ). Together, the results confirmed at the level of single cells and with three different reporters our conclusions on the distinct degrees of synchrony in shoot apexes, leaf mesophyll cells, and veins.
Intercellular Circadian Coupling among Clock Cells of the Shoot Apex
If coupling of shoot apex clocks is responsible for the waveform synchrony, then rhythms should be affected when the intercellular communication is disrupted. To explore this idea, we compared shoot apexes from intact tissues and from dissociated and diluted protoplasts. Rhythms in excised shoot apexes maintained good synchrony and were sustained for several days. However, in diluted shoot apex protoplasts, the oscillations persisted only for 2-3 days, increasing their heterogeneity over time ( Figure 5H ). Further dilution of protoplasts increasingly advanced the timing of rhythmic dampening ( Figures 5I and S4) . Analysis of the R values in shoot apexes and in diluted protoplasts quantitatively confirmed that the phase coherence in protoplasts was only sustained for less than 2 days, reaching asynchrony after- ward ( Figure 5J ). As individual cells at the shoot apex are able to maintain rhythmic oscillations ( Figure 5B ), one plausible explanation to our results is that dispersed cells do not sustain rhythms due to reduced intercellular communication and subsequent desynchronization over time.
In the mammalian circadian system, the clock components PER1 and CRY1 are required for sustained rhythms in peripheral tissues and in neurons dissociated from the SCN (Welsh et al., 2010) . However, cellular interactions at the SCN can compensate for Per1 or Cry1 deficiency (Evans et al., 2012; Liu et al., 2007) . We found a similar scenario at the shoot apex of lux mutants. In contrast to the reported arrhythmia of lux-2 plants, the lux-2 shoot apexes were able to sustain rhythms to a certain degree. Although the rhythms were clearly compromised, rhythmicity at the lux-2 shoot apex was better than in leaves ( Figures 5K, 5L , and S4). Thus, the absolute requirement of LUX function in leaves is not so apparent in shoot apexes. The differences are not due to changes in the circadian expression of LUX or the other components of the EC, ELF3, and ELF4, as verified by our RNA-seq analysis and by qRT-PCR ( Figure S4 ). If in analogy to the mammalian system, effective intercellular coupling among the shoot apex cells is responsible for the distinctive phenotype, then disruption of the cellular communication should affect the rhythms. Indeed, shoot apex protoplasts from lux-2 mutants were arrhythmic throughout the time-course analysis ( Figure 5M ). We proposed that the arrhythmic phenotype in protoplasts is the result from the rapid desynchronization of the dispersed cells, each containing a semi-functional oscillator. Our results indicate that intercellular communication might be important for rhythms at the shoot apex. To mathematically explore the degree of intercellular coupling, we developed a predictive model by using barycentric coordinates for high-dimensional space (Hirata et al., 2015) . The model involves the use of linear programming that assigns different weights to neighboring cells and identifies the strength of coupling based on the accuracy of the predictions given the weights. We first tested the performance of the proposed methods using the Kuramoto (Kuramoto, 1975) and the coupled Rö ssler (Rö ssler, 1976) toy models. The examples showed that the weights of neighboring oscillators are higher when the coupling is stronger ( Figure 5N ). When the model was used with the single-cell confocal data, we found that shoot apex clocks were highly coupled and had greater coupling strength than leaf vasculature or leaf mesophyll cells ( Figure 5N ). Together, the results confirmed a gradation or hierarchy in the strength of the circadian communication in different parts of the plant.
Relevance of the Shoot Apex Clocks in the Modulation of Circadian Oscillations in Roots
We next addressed the possible role of the shoot apex controlling the circadian function in roots. We adapted the luminescence assay protocol to examine rhythms in both shoots and roots of intact plants ( Figure 6A ). We also used laser microdissection (LMD) to excise shoot apexes and examine rhythms in Dshoot apex plants ( Figure 6B ). Previous studies have reported that rhythms dampened low and waveforms broadened in entire plants after several days under free-running conditions (Yakir et al., 2011) . We found that rhythms at the shoot apex were sustained for more than 7 days under LL ( Figure 6C ), which suggests that intercellular coupling at the shoot apex might contribute to the rhythmic robustness after extended periods under LL. When we examined rhythms in Dshoot apex plants, we observed an advanced average phase and increasing waveform variability, in a similar fashion to that of excised leaves ( Figures 6D and S5) . Application of auxin did not noticeably affect the rhythms in shoots of entire plants or Dshoot apex plants ( Figure S5 ), which suggests that the Dshoot apex phenotypes are not due to changes in auxin flux. It is noteworthy that rhythms in plants that only lack the shoot apex are similar to the rhythms in leaves, whereas the small shoot apex is able to more precisely sustain rhythms. Unexpectedly, we also found that rhythms in plants without cotyledons or leaves were almost indistinguishable from the ones observed in intact plants ( Figures 6E and 6F) .
Photosynthetic sucrose has been shown to modulate clock function (Haydon et al., 2013; James et al., 2008) . Our studies revealed an initial phase delay and period lengthening that led to dampened rhythms in shoots from intact plants treated with the inhibitor of the photosynthetic electron transport [3-(3,4-dichlorophenyl)-1,1-dimethylurea, DCMU) ( Figure S5 ). When we applied the drug only in shoots and checked the effects on roots, we found a phase delay and dampened rhythms ( Figure S5 ). These results confirmed that photosynthetic signals from shoots are important for the root clock. DCMU treatment in excised shoot apexes also led to eventual dampening of rhythms, but the early phase delay observed in whole shoots and roots was not so evident ( Figure S5 ). These results suggest increased robustness against pharmacological perturbation of photosynthesis at the shoot apex.
To further explore the importance of circadian communication, we used plants with reduced intercellular trafficking by means of CALS3 gain-of-function mutations (cals3-d) that lead to reduced plasmodesmata aperture (Vaté n et al., 2011) . Our results showed that blocked trafficking clearly altered the rhythmic expression of core clock genes in roots, with no evident peak and trough expression as observed in WT roots (Figures 6G, 6H, and S5) . We also examined rhythms in shoots and roots that were rapidly separated following 2 days of luminescence analysis of the intact plants ( Figure 6I ). The separation led to dampening of rhythms in roots, indicating that rhythms in roots are altered very rapidly after separation from shoots. To ascertain the role of the shoot apex on root synchronization, we then examined circadian rhythms in roots from intact plants in which the shoot apex was removed (Dshoot apex plants) ( Figure 6B ). Our results showed that rhythms were clearly affected, with an initial long-period phenotype that progressively led to arrhythmia ( Figure 6J ). Rhythms in roots from plants in which leaves and cotyledons were removed were not severely affected and showed a slightly advanced phase compared with the rhythms in roots from intact plants ( Figure S5 ). Noteworthy are also the results of jet-jag experiments showing that roots from intact plants were able to resynchronize with a pattern that more closely resembled the one in shoot apexes than the one in leaves ( Figure S5 ).
A Hierarchical Structure at the Core of the Arabidopsis Clock Efficient micrografting of Arabidopsis seedlings is a powerful tool for studying long-distance signaling (Bainbridge et al., 2014) . To conclusively determine the possible hierarchical nature of the plant circadian system, we performed micrografting with young Arabidopsis seedlings using the shoot apex as scion ( Figure 7A ). We reasoned that grafting with different genotypes would provide definitive information on the role of shoot apexes on the root oscillation.
Micrografting and luminescence analysis were first tested on WT self-grafts (WT Shoot Apex-WT Roots, WT SA-WT Rt). The analysis showed that CCA1::LUC and TOC1::LUC rhythms followed a similar trend to that observed in entire non-grafted plants ( Figures 7B and 7C ). Rhythms in roots exhibited a longer period compared to shoots, which also mirrored the observations in organs of non-grafted plants ( Figure S1 ). As these results suggested that the grafting procedure did not manifestly alter the circadian oscillation, we next grafted the shoot apex of arrhythmic plants into a WT rootstock. We reasoned that the lack of a functional clock in the shoot apex should alter the rhythms in roots. Indeed, grafting the shoot apex of the arrhythmic cca1-1/lhy-11 plants (Mizoguchi et al., 2002 ; Portolé s and Má s, 2010) ( Figure S6 ) disrupted the rhythms of WT roots ( Figure 7D) . A similar alteration of WT root rhythms was observed with the shoot apex of elf3-2 mutants (Hicks et al., 1996) (Figure 7E) . Although slight oscillations could be appreciated, the amplitude and robustness of the waveforms were clearly affected. These results confirmed that proper clock function in the shoot apex is important for the rhythmic activity in roots. We then performed the reverse experiment in which WT shoot apexes were grafted into arrhythmic rootstocks to test the ability of shoot apex signals to reestablish the rhythms in roots.
Remarkably, the arrhythmia of cca1-1/lhy-11 or elf3-2 roots could be partially restored by grafting the shoot apex of WT plants ( Figures 7F and 7G) . The oscillations were not very robust, but the patterns were not as arrhythmic as the roots of nongrafted plants ( Figure S6 ). Although we observed variability in the degree of restored rhythms (Figure S6 ), the recovery was quite evident. Altogether, we conclude that signals from the shoot apex are important for circadian oscillations in roots.
DISCUSSION
A series of different protocols developed in this study has allowed us to follow the rhythmic expression in excised organs of the plant. Under sucrose, rhythms were sustained in all organs examined and the tissues continued growing normally after excision, which suggests that the excision did not manifestly affect the rhythms. The different excised organs displayed a wide range of circadian properties. Hypocotyls and roots lack precision and robustness, with long circadian periods and arrhythmia, whereas leaves lack synchrony among the different samples from plants similarly entrained. As roots are a sucrose sink, our results with excised roots (±sucrose) are consistent with previous studies (Haydon et al., 2013; James et al., 2008) and with the dampening of rhythms in roots when shoots are treated with DCMU. Analysis of root rhythms in Dshoot apex plants rendered similar results to those of excised roots, which confirmed the dependency of roots on the circadian communication with shoot apexes. The heterogeneity of circadian waveforms in leaves is also consistent with previous studies (Wenden et al., 2012) . Phase heterogeneity might be due to differences in circadian coupling among various leaf cell types. Mesophyll cells in leaves are only weakly coupled, whereas the leaf vasculature synchronizes the neighboring mesophyll cells (Endo et al., 2014) . This local synchronization raises the question about possible differences in rhythms of mesophyll cells close to the vasculature and those located far from the veins. Desynchronization between leaf stomatal and mesophyll cells (Yakir et al., 2011) could be another source of phase heterogeneity in leaves. Shoot apexes displayed remarkable homogeneous rhythmicity with highly synchronous waveforms. Among the tissues examined, different patterns of waveform synchrony could be distinguished: the cells from the shoot apex with the highest synchrony, the intermediate synchrony in the vascular cells, and the lowest synchrony observed in leaf mesophyll cells. The fact that the synchrony is lost in dispersed, diluted shoot apex protoplasts suggests that the phase coherence and synchrony might be due to high intercellular coupling among shoot apex clocks. The development of a tailor-designed mathematical model using barycentric coordinates for high-dimensional space confirmed this notion. The method has been proven successful for a wide range of uses, from weather forecasting to creation of musical instruments with natural sounds (Hirata et al., 2015) . Our studies also revealed that the intercellular coupling or circadian communication among shoot apex clocks confer robustness against genetic mutations and pharmacological perturbations. These properties closely resemble those of the circadian system in mammals in which intercellular coupling among neurons at the SCN can compensate for the absence of functional key clock components (Evans et al., 2012; Liu et al., 2007) .
The molecular circadian network and phenotypes of core clock mutants at the shoot apex appear to be similar to those described in the whole plant. However, prevalence for morningor evening-expressed genes has been shown for the clocks of leaf mesophyll cells and leaf veins, respectively (Endo et al., 2014) . Uncoupled morning and evening oscillators have been also previously reported for the clock in roots (James et al., 2008) . Our full time-course analysis by RNA-seq showed robust rhythms of circadian genes with similar peak phases and relative amplitudes to those reported in entire plants. The particular properties that we observed at the shoot apex clocks might result from their strong intercellular coupling rather than from a distinctive molecular network. We also found a clear enrichment of genes involved in responses to environmental signals. This enrichment might be responsible for the distinctive waveforms in jet-lag experiments, as if the shoot apex clocks were highly sensible to perceive and respond to the changing environmental conditions. The enrichment might be particularly useful for the shoot apical cells that are buried and shielded from the environment. Intercellular coupling might also be an aid for circadian synchronization of cells with reduced light accessibility. The fact that genes responsible for perception of synchronizing signals such as light and temperature are enriched in our RNAseq data is consistent with a main role of shoot apexes as a synchronizing master clock.
Grafting has been used to study long-distance signaling in different processes, for instance shoot branching (Turnbull et al., 2002) or stress responses (Holbrook et al., 2002) . The studies presented here demonstrate the long-distance circadian signaling by micrografting approaches. Our results have revealed the influence of shoot apexes on the rhythmic activity of roots. A plausible idea is that changes in auxin flux could be responsible for synchronizing rhythms in roots. However, our results suggest that auxin signaling has a minor, if any, role in the long-distance circadian communication. The partial recovery of mutant rootstocks by grafting WT shoot apexes and, conversely, the arrhythmia of WT roots grafted with arrhythmic shoot apexes reflect the circadian hierarchy of shoot apexes. This situation is reminiscent of the circadian system in mammals in which genetic defects in peripheral clocks are phenotypically rescued by the hierarchical dominance of the SCN (Pando et al., 2002) . The micrografting results were consistent with the shoot apex role influencing rhythms in roots, which was observed by other approaches used in this study (rapid dissection of shoots and roots, delta shoot apex plants, pharmacological treatments, and genetic analysis). The similar phenotypes reinforce the validity of the different procedures and the consistency of our conclusions.
Based on the recently discovered role of the plant vasculature (Endo et al., 2014) , a very interesting possibility is that veins are used as the circadian traveling ''highway'' in which the synchronizing signals circulate from shoot apexes to roots. In analogy with the mammalian circadian system, the shoot apex clock cells might function as the SCN neurons, whereas the plant vasculature could be comparable to blood veins and arteries. Further studies of topographically defined areas of circadian coupling and elucidation of the signals and mechanisms contributing to the circadian communication will be central to fully define the spatio-temporal networks orchestrating plant physiology and development on each organ, tissue, and cell.
EXPERIMENTAL PROCEDURES Organ Dissection and Micrografting Experiments
Organ dissection was performed as detailed in the Supplemental Experimental Procedures. For micrografting experiments, Arabidopsis seedlings were grown vertically on half-strength Murashige and Skoog (MS) agar medium with 0.5% sucrose for 3-7 days. Seedlings were placed on wet filters under the dissecting microscope in a laminar flow cabinet as described (http:// www.bio-protocol.org/e1164). Cotyledons were removed, and both scion and rootstock seedlings were horizontally cut with a razor blade just below the shoot apex. With forceps, and very gently, the scion and rootstock cut stumps were joined together, paying attention to match up the two phloem strands. When grafting was completed, plates were sealed with two layers of micropore tape and returned to the growth chamber for at least 4-6 more days. If present, adventitious roots on the scions were removed before luminescence analysis. The unsuccessful grafted seedlings were identified as the grafts failed to properly join together. In cases when the successful grafting was not clear, the resulting plants were discarded. A total of 120 grafting events were assayed for WT SA-cca1/lhy Rt plants. The percentage of successfully micrografted plants was about 50% (possibly higher but only faultlessly grafted plants were examined). From the 59 successfully grafted WT SA -cca1/lhy Rt plants, 50 (i.e., around 85%) showed different degrees of restored rhythms (p value = 3.77 3 10 À12 by Fisher's exact test, considering that none of the 20 cca1/lhy SA -cca1/lhy Rt plants displayed rhythms in roots).
For the control WT SA-WT Rt grafting, 22 out of 24 successfully grafted plants showed very robust rhythms.
RNA Extraction and RNA-Seq Analysis RNA extraction and RNA-seq analysis were performed as detailed in the Supplemental Experimental Procedures.
Single-Cell Confocal Microscopy Imaging
For in vivo confocal imaging at a single-cell resolution, excised shoot apexes or leaves were embedded just after dissection in low-melting-point agarose dissolved in MS medium as previously described (Mas and Beachy, 1998 ).
Further details are described in the Supplemental Experimental Procedures.
Protoplast Preparation and Gene-Expression Analysis
Protoplast preparation (Yoo et al., 2007) and gene-expression analysis (Malapeira et al., 2012) were performed as described. Details are described in the Supplemental Experimental Procedures.
Mathematical Analysis
Mathematical analysis was performed as described in Hirata et al. (2015) . See further details in the Supplemental Experimental Procedures.
ACCESSION NUMBERS
The RNA-sequencing data of the circadian transcriptional profiles at the shoot apex have been uploaded to the Sequence Read Archive and can be found under accession number SRP064782. 
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